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Abstract. We simulate electromagnetic ion cyclotron (EMIC) wave growth4

and evolution within three regions, the plasmasphere (or plasmaspheric plume),5

the plasmapause, and the low density plasmatrough outside the plasmapause.6

First we use a ring current simulation with a plasmasphere model to model7

the particle populations that give rise to the instability for conditions ob-8

served on 9 June, 2001. Then, using two different models for the cold ion com-9

position, we do a full scale hybrid code simulation in dipole coordinates of10

the EMIC waves on a meridional plane at MLT = 18 and at 1900 UT within11

a range of L shell from L = 4.9 to 6.7. EMIC waves were observed during12

June 9, 2001 by Geostationary Operational Environmental Satellite (GOES)13

spacecraft. While an exact comparison between observed and simulated spec-14

tra is not possible here, we do find significant similarities between the two,15

at least at one location within the region of largest wave growth. We find that16

the plasmapause is not a preferred region for EMIC wave growth, though waves17

can grow in that region. The density gradient within the plasmapause does,18

however, affect the orientation of wave fronts and wave vector both within19

the plasmapause and in adjacent regions. There is a preference for EMIC waves20

to be driven in the He+ band (frequencies between the O+ and He+ gyrofre-21

quencies) within the plasmasphere, although they can also grow in the plas-22

matrough. If present, H+ band waves are more likely to grow in the plas-23

matrough. This fact, plus L dependence of the frequency and possible time24

evolution toward lower frequency waves can be explained by a simple model.25

Large O+ concentration limits the frequency range of or even totally quenches26
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EMIC waves. This is more likely to occur in the plasmatrough at solar max-27

imum. Such large O+ concentration significantly affects the H+ cutoff fre-28

quency, and hence the width in frequency of the stop band above the He+29

gyrofrequency. EMIC wave surfaces predicted by cold plasma theory are al-30

tered by the finite temperature of the ring current H+.31
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1. Introduction

Electromagnetic ion cyclotron (EMIC) waves are currently thought to be an important32

loss mechanism for radiation belt electrons [Meredith et al., 2003; Shprits et al., 2008;33

Millan and Thorne, 2007]. Losses occur through pitch angle scattering into the loss cone34

[Millan and Thorne, 2007; Jordanova et al., 2008] and may empty the entire radiation35

belts over a timescale of a few hours [Selesnick , 2006]. EMIC waves may tend to regu-36

late the proton ring current (energy ∼1 to 100 keV) temperature ratio T⊥/T∥, where T⊥37

and T∥ are the temperatures relatively perpendicular or parallel to the background mag-38

netic field [Blum et al., 2009], and may also cause precipitation of ring current protons39

[Jordanova et al., 2001a; Yahnina et al., 2003]. Therefore, EMIC waves have significant40

effects on energetic particle populations, and it is important to understand the evolution41

and properties of these waves.42

Considering a plasma consisting of H+, He+, and O+ ions, EMIC waves can occur43

in three wave bands [Andre, 1985; Hu et al., 2010]. Each of these has a frequency that44

approaches the gyrofrequency of a particular ion for waves propagating roughly parallel to45

the background magnetic field (k∥ ≫ k⊥) at large parallel component of the wave vector46

k∥, and each wave band is named for that ion. Thus the H+ band, He+ band, and O+47

band waves asymptote respectively to the H+ gyrofrequency, the He+ gyrofrequency, and48

the O+ gyrofrequency at large k∥.49

The unstable region of each wave dispersion surface is in the left hand polarized part50

of the surface where the frequency has a significant slope with respect to k∥ and is not51

too close to the gyrofrequency of the ion corresponding to the named band (He+ for the52
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He+ band). Very close to the gyrofrequency, there is so-called “cyclotron damping”. For53

nearly parallel propagation (k⊥ ≪ k∥), the O+ band continues to be left hand polarized as54

the frequency is reduced, but as the frequency is reduced on the H+ and He+ bands there55

may be different behavior. For a cold plasma and at finite wave normal angle θkB between56

the wave vector k and the magnetic field B, there is a crossover frequency at which the57

polarization becomes right hand polarized. There is also a left hand polarized surface at58

frequencies below the crossover frequency, but for a cold plasma at finite θkB this surface59

connects topologically to the higher frequency mode (to the whistler mode within the H+60

band and to the H+ band within the He+ band) [Andre, 1985; Hu et al., 2010]. There61

are cutoff frequencies for both of these surfaces. The cutoff frequencies within the He+62

band are above the O+ gyrofrequency. For all these surfaces, as k⊥ becomes comparable63

to k∥, the polarization shifts toward linear polarization.64

EMIC waves are usually most unstable in the vicinity of the magnetic equator where65

the anisotropy and plasma beta are largest [Hu and Denton, 2009; Hu et al., 2010]. The66

group velocity of EMIC waves is approximately along the magnetic field, so EMIC wave67

energy propagates along the magnetic field away from the magnetic equator toward the68

ionosphere. As the waves propagate toward the ionosphere, the wave frequency remains69

constant, but the gyrofrequencies of the various ion species increase due to the increasing70

magnetic field. Because of this, the wave frequency normalized to the gyrofrequency71

decreases. Often the wave vector turns significantly oblique at large latitudes, so that the72

polarization becomes linear [Hu and Denton, 2009; Hu et al., 2010]. But the waves might73

refract less strongly. Then as the waves propagate toward the ionosphere, if the cold74
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plasma dispersion surfaces are applicable, the polarization would change from left handed75

to right-handed (after passing through the crossover frequency), and then to linear.76

Various approaches have been used to study the evolution and growth of these waves.77

Gary et al. [1994a] and Blum et al. [2009] used local linear kinetic theory and one dimen-78

sional hybrid code simulations to derive final states resulting from EMIC waves. Jordanova79

et al. [2001a, 2008] used a kinetic ring current model to calculate the equatorial growth80

rate of EMIC waves during storm time and found maximum values in the postnoon-81

to-midnight MLT sector where the intense anisotropic ring current overlapped with the82

plasmaspheric bulge and drainage plumes.83

Chen et al. [2010], following Horne and Thorne [1997, and refernces therein] calculated84

EMIC wave growth using a ray tracing code and found that EMIC waves occurred in85

the high density plume, especially on the eastward side of a plume extending somewhat86

outward radially, and just inside the plasmapause. Gamayunov and Khazanov [2008] and87

Gamayunov et al. [2009] used a bounce averaged wave equation to examine the inner mag-88

netospheric system with coupled ring current population and EMIC waves. Gamayunov89

and Khazanov [2008] found that medium energy (∼1 keV) protons from the plasmasheet90

in the dawn local time sector can significantly modify the real part of the wave dispersion.91

Gamayunov et al. [2009] found significant variation in results depending on the ionospheric92

model.93

Omidi et al. [2010] used a two dimensional hybrid code to find that the saturation94

mechanism of the waves involved gyrophase bunching and growth of electrostatic waves.95

Bortnik et al. [2011] used two dimensional hybrid code simulations to find a formula96

relating the saturation amplitude to the linear growth rate. Shoji and Omura [2011] and97
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Shoji et al. [2011] used one dimensional hybrid code simulations with inhomogeneity along98

the magnetic field to show that EMIC waves could be triggered by other emissions; they99

were able to simulate EMIC waves with “rising tone” frequency.100

Omidi et al. [2011, 2013] used a two dimensional hybrid code simulation with a line101

dipole to simulate EMIC waves in a plane with inhomogeneity similar to that of a dipole102

magnetic field. Omidi et al. [2011] showed that injected ring current ions lead to a reduc-103

tion in total density and magnetic field, in part because of the waves. Omidi et al. [2013]104

found that the character of the waves depended strongly on the cold O+ concentration105

[similar to, though not exactly the same, as results by Hu et al., 2010]. They also showed106

that the waves were heavily damped when the O+ concentration was large.107

Here we will do hybrid code (particle ions and inertialess electron fluid) simulations of108

EMIC waves using the same simulation code that was used by Hu and Denton [2009] and109

Hu et al. [2010]. These simulations are performed in a dipole geometry with a limited110

range of L shell, and using a particle population initialized with an anisotropic MHD111

equilibrium. These features allow for a high resolution low noise simulation. Hu and112

Denton [2009] found that the waves are coherent over a limited range in L. Hu et al.113

[2010] found that the character of the waves changed as the concentration of cold O+114

ions increased. At high O+ concentration, the wave power was lower, and the waves were115

confined within a smaller range of magnetic latitude MLAT. These observations will be116

relevant for the current study.117

A major focus of this paper will be on the effects of a plasmapause on the waves. While118

we call this negative gradient with respect to L a plasmapause, it could just as well be119

the radially outer part of a plasmaspheric plume. We simulate the wave growth and120
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evolution within the plasmapause itself and on both sides of the plasmapause, within the121

high density plasmasphere and the low density plasmatrough.122

Observational surveys by Anderson et al. [1992a] and Fraser and Nguyen [2001] did not123

show a preference for waves within the plasmasphere, but some recent studies of EMIC124

waves have shown a preference for occurrence within a plasmaspheric plume [Spasojevic125

et al., 2004; Yahnin and Yahnina, 2007]. Usanova et al. [2013] found using data from the126

Cluster spacecraft that the probability of EMIC waves inside a plume was significantly127

higher than that outside, especially immediately outside. But they did not find that high128

density within the plume increased the probability of EMIC waves. They did find that129

the waves were most correlated with high dynamic pressure, which can lead to higher130

temperature anisotropy [Anderson and Hamilton, 1993].131

Halford et al. [2014], using data from the Combined Release and Radiation Effects132

Satellite (CRRES), found that on average when EMIC waves are observed, the plasma133

density is significantly higher than when EMIC waves are not observed. Chen et al. [2009]134

and Chen et al. [2010] suggest that guiding of waves by an inward density gradient is an135

important factor determining wave growth, but Halford et al. found that there was no136

correlation between occurrence of EMIC waves and a negative density gradient.137

We will be simulating EMIC waves using parameters from the Ring current-Atmosphere138

interactions Model with Self-Consistent magnetic field (B), RAM-SCB [Jordanova et al.,139

2006, 2012; Chen et al., 2010]. That simulation code was used to model the ring current140

and cold density populations on June 9, 2001, during which a geomagnetic storm occurred,141

and the wave growth of EMIC waves for this event was modeled by Chen et al. [2014].142

Examining the wave growth at several times, they found that the waves grew most strongly143
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during the main phase of the storm at UT = 1900 at or near the outer boundary of their144

simulation at L = 6.5.145

Here we will model the waves at 1900 UT within a range of L shell from 4.9 to 6.7.146

Whereas the calculations of Chen et al. [2014] find the EMIC wave growth in the equa-147

torial plane (assuming growth predominantly within 10◦ of the magnetic equator), our148

simulation will be on a meridional plane at a single value of MLT = 18 (dusk local time).149

Our simulation is complementary in that it yields a more detailed description of the wave150

growth within a narrow range of L and along the magnetic field lines.151

In Section 2 we briefly describe the RAM-SCB and hybrid simulation codes; in Sec-152

tion 3, we describe results from the RAM-SCB simulation; in Section 4 we describe the153

hybrid code results using the RAM-SCB results as input; and in Section 5 we discuss and154

summarize our results.155

2. Simulation Codes

2.1. Description of RAM-SCB Simulation Code

The RAM-SCB code simulates the dynamics of the ring current that provides free156

energy for the EMIC waves. RAM-SCB couples two codes. The first of these is the157

Ring current-Atmosphere interactions Model (RAM), which solves the bounce-averaged158

kinetic equation for the major ring current species [Jordanova et al., 2012, and references159

therein]. The second is a 3-D Euler-potential-based plasma equilibrium code [Zaharia160

et al., 2010, and references therein] which solves for the magnetic field assuming a state of161

force balance with the plasma pressure provided from RAM. RAM solves for the bounce-162

averaged distribution function for H+, He+, and O+ ring current ions versus magnetic163

local time (MLT) and L shell varying from 2 to 6.5.164
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The inner and outer magnetic flux surface of SCB is obtained by field-line tracing using165

the empirical magnetic field model of Tsyganenko and Sitnov [2005]. To calculate the166

electric field drift velocities, the empirical convection electric field model of Weimer [2001]167

(W01) is added to the time-independent co-rotation electric field. The W01 ionospheric168

potential is driven by time-dependent inter-planetary data; and the AL index is mapped to169

the Solar Magnetic (SM) equatorial plane along the SCB field lines. The RAM model also170

includes loss processes for ring current ions, including charge-exchange with geocoronal171

hydrogen, Coulomb collisions with thermal plasma, and loss due to collisions with the172

dense atmosphere at low altitudes [for more details, see Jordanova et al., 1996, 2001a].173

The RAM model also includes the time-dependent plasmasphere model of Rasmussen174

et al. [1993], which calculates the ExB drift motion of individual flux tubes and includes175

supply and loss rates.176

To set the initial conditions for the RAM model, we use differential ion fluxes mea-177

sured with the the HYDRA (H+ at energies <20 keV) and MICS (H+, He+ and O+178

at energies >1 keV) instruments on the Polar satellite during a quiet time period [Jor-179

danova et al., 2001b, and references therein], and run the model for more than 10 hours180

of quiet time before storm commencement to establish prestorm conditions characteristic181

for the investigated period. The nightside boundary conditions for the ring current ions182

are determined from plasma sheet flux measurements from the Magnetospheric Plasma183

Analyzer (MPA) and Synchronous Orbit Particle Analyzers (SOPA) instruments on the184

LANL geosynchronous spacecraft. The MLT dependence of the data for the nightside185

boundary is preserved and the dependence of the ion composition with geomagnetic and186

solar activity is adopted using the study of Young et al. [1982].187
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We note that wave-particle interactions are not included in this study so there is no188

plasma wave scattering feedback on the particle distributions. This means that the ring189

current particle populations are in a more unstable state than would be allowed if the ring190

current populations and EMIC waves were evolved self consistently. And consequently,191

the wave growth would likely be smaller using a self consistent ring current simulation.192

2.2. Description of Hybrid Code

The hybrid code was described in detail by Hu and Denton [2009] and Hu et al. [2010].193

Particles are used for the ions, while the electrons are described by an inertialess fluid. The194

plasma is quasi-neutral, so the electron density is equal to the ion density. The magnetic195

field is advanced using Faraday’s law. The electric field is found from E = −ue ×B+ ηJ,196

where B is the magnetic field, J = ∇×B (Ampere’s law) and ue is the electron velocity197

found using J = Ji − eneue where Ji is the ion density and ne is the electron density.198

The resistivity η is nonzero only near the boundaries, where it damps the waves [Hu and199

Denton, 2009]. Other than at these boundary regions, the parallel electric field is zero.200

Therefore one limitation of our simulation is that there is no electron Landau damping.201

Landau damping would cause a reduction in obliquely propagating waves, that is, waves202

with wave vector not parallel to B, in the later parts of the simulation.203

The hybrid code uses generalized orthogonal coordinates [Arfken, 1970], and here we204

employ dipole coordinates. This doesn’t mean that the equilibrium magnetic field is205

dipolar. The initial magnetic field is found from an anisotropic MHD simulation [Hu206

et al., 2010] so that the initial plasma configuration is in MHD equilibrium. This results207

in a low noise simulation in which the subsequent evolution is due entirely to the evolution208

and effects of the EMIC waves.209
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The simulations are two dimensional representing a meridional plane. Only the northern210

half of this plane is simulated; symmetry conditions are used at the magnetic equator.211

The first coordinate q varies along the dipole magnetic field with value 0 at the magnetic212

equator and a value of 1 at our ionospheric boundary that is at a magnetic latitude MLAT213

of 47◦ for the central L shell in the simulation. This range of latitude is large enough214

that the waves have passed through all relevant resonant surfaces before they reach the215

ionospheric boundary where they are damped. The q coordinate is chosen so that equal216

spacing in q corresponds to a distance in real space proportional to B at the central L217

shell in the simulation. (Since the coordinates are orthogonal, surfaces of constant q are218

also surfaces of the usual dipole coordinate that is orthogonal to L. There is freedom to219

choose a particular mapping between q and distance only at one particular L shell.) Since220

flux tubes have area ∝ 1/B, the volume of each cell in the simulation is exactly constant221

along the central field line and roughly constant at other L values; this is a good choice222

for simulation of Alfvén waves, and leads to an even distribution of particles, which is223

good for keeping the numerical noise low. The second coordinate in our simulation is the224

dipole L value, which in this case varies from 4.9 to 6.7.225

The simulations here are full scale. We used 401 grid points along the dipole magnetic226

field and 301 across the magnetic field (across L shell) with grid points on the boundaries.227

These values were chosen in order to well resolve the relevant spatial scales, and the228

resolution of these simulations is higher than those of previous two dimensional simulations229

[e.g. Hu et al., 2010]. There are about 25 grid points per dominant parallel wavelength at230

the magnetic equator, and these waves are also resolved at higher latitude. At the central231

L shell, there were about 4 grid points per thermal gyroradius of the ring current protons,232
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so the wave structure is well resolved on this scale. The simulation we describe here233

includes a plasmapause, and there are 83 grid points across the plasmapause, so it also is234

well resolved. There were 768 particles per grid point used to simulate the ring current235

H+ and 448 particles per grid point used to simulate the ring current O+; 64 particles236

per grid point were used to simulate each of the four remaining particle populations, ring237

current He+, cold H+, cold He+, and cold O+.238

3. RAM-SCB Simulation Results

Figure 1 shows quantities from the RAM-SCB simulation, with the particular goal of239

showing where EMIC waves are likely to be most unstable based on the local parameters.240

The pressure of the ring current O+ in the simulation yields a fairly large plasma beta241

(β = P/(B2/(2µ0))) and anisotropy (A = P⊥/P∥ − 1) by itself, which suggests that it242

might lead to instability in the O+ frequency band (with an upper limit of ΩcO); we do243

not find, however, any growth in this band in our hybrid code simulation results. Chen244

et al. [2014] also did not predict any wave growth in the O+ band based on their linear245

growth calculations using ray tracing. The plasma beta of the He+ population was low.246

Therefore we concentrate here on the instability driven by the H+ population. Here, P is247

the plasma pressure, P∥ and P⊥ are the plasma pressure components respectively parallel248

and perpendicular to the magnetic field, B is the magnetic field, and µ0 is the magnetic249

permeability.250

Figure 1a shows the plasma beta β∥h of the hot (“h”) ring current H+ using the pressure251

parallel to the background magnetic field, P∥h. Figure 1b shows the anisotropy of the ring252

current H+, Ah ≡ P⊥h/P∥h − 1. A rough indicator of the instability of the ring current253

H+ can be found from Ahβ
0.5
∥h [Gary and Lee, 1994], but perhaps a better indicator can be254
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found from the equations of Blum et al. [2009], which are based on results by Gary et al.255

[1995]. An instability parameter Σh ≡ Ahβ
αh

∥h is defined. The value of αh is approximately256

0.5, but is more accurately given by the formula of Blum et al. [2009] (their equation (3b)).257

EMIC waves are roughly predicted if Σh exceeds the threshold value Sh (defined in Blum258

et al.’s equation (3a)). Note that the threshold Sh is smaller if the cold density is large.259

Figure 1c shows the cold density from the RAM-SCB simulation, nc, while Figure 1d260

shows the ratio of the EMIC instability parameter Σh to the threshold value Sh.261

Where Σh/Sh is large, EMIC waves driven by the ring current H+ population are most262

likely to be unstable. In Figure 1d, the solid white curve is the threshold value Σh/Sh = 1.263

In principle, these results indicate that EMIC waves could be driven anywhere outside of264

this curve, that is, in much of the magnetosphere extending from noon to midnight local265

time. On the other hand, the theory of Gary et al. [1995] was for a plasma consisting only266

of ring current and cold H+. Here we used nc + nh for the value of ne in their equations267

(treating all cold particles as cold H+), and neglected the heavy ion ring current particles.268

It’s likely that the heavy ions lead to a reduction in the growth rate of the EMIC waves269

[see, for instance, Denton et al., 1992], so a larger value than Σh/Sh = 1 may be required270

for EMIC wave growth. Certainly, however, the regions with very large Σh/Sh (orange271

and red color in Figure 1d) are very likely to be unstable to EMIC waves. Examination272

of Figure 1 shows that the most unstable regions combine large Ah and to a lesser extent273

large β∥h with large nc. (The dependence on β∥h is weaker than that on Ah because of the274

exponent αh in Σh ≡ Ahβ
αh

∥h .)275

We will be examining the instability at the MLT = 18 meridian (at dusk local time)276

which extends upward from the center of the Earth in each of the panels in Figure 1, and277
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is shown by the vertical solid white line in Figure 1a. Figure 1d shows that, based on278

local instability, the region predicted to be most unstable to EMIC waves is between just279

inside L = 5 to L = 6.280

The fractional thermal ion composition greatly affects the propagation characteristics281

of EMIC waves and is not explicitly simulated in the Rasmussen model. We consider282

two models for the cold composition. The first of these, which we call the constant cold283

composition model, has 77% H+, 20% He+, and 3% O+, as was assumed by Jordanova284

et al. [2008] and Chen et al. [2014]. In the second model, the He+ concentration is low285

(about 3% of the light ion density) and the O+ concentration varies strongly from the286

plasmasphere, in which the O+ concentration is low, to the plasmatrough, in which the287

O+ concentration is high. Such varying concentration of O+ is suggested by results of288

Takahashi et al. [2006], Takahashi et al. [2008], Denton et al. [2011], and Denton et al.289

[2014]. We call this second model the variable cold composition model. These populations290

are assumed to be isotropic with a temperature of 3eV. For the hybrid code simulations291

to be described in Section 4, we verified that this temperature did not change appreciably292

during at least the first 18s of the simulation, so the number of particles in the simulation293

was sufficient to represent the 3eV velocity distribution.294

Figure 2 shows quantities from the RAM-SCB simulation at MLT = 18 (vertical solid295

white line in Figure 1a) using the constant cold composition model. Here, in addition to296

the ring current parameters for H+ (solid black curves in Figure 2), we also show the ring297

current parameters for the ring current He+ and O+ (respectively the blue and red solid298

curves in Figure 2). As was mentioned previously, despite the large β∥ and A for ring299

current O+, we do not see waves in the EMIC O+ band. (Anisotropy in an ion component300
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can only drive waves in the frequency band corresponding to that ion, or lower frequency301

bands. Ring current H+ can drive waves in all three EMIC wave bands, but ring current302

O+ can only drive waves in the O+ band.) So in Figure 2d, we show only the instability303

ratio Σh/Sh for ring current H+. Unlike our calculation of Σh/Sh plotted in Figure 1d,304

here we use only the sum of the ring current H+ and cold H+ densities for the value of305

ne used in the formulas of Blum et al. [2009].306

The two vertical gray lines in Figure 2c roughly delineate the plasmapause. We will307

refer to the region to the left of the leftmost gray line as the plasmasphere, the region in308

between the two gray lines as the plasmapause, and the region to the right of the rightmost309

gray line as the plasmatrough. Based on Figure 1c, what we call the plasmasphere might310

be called a plasmaspheric plume. But there is little difference between the two when we311

are considering only a meridional cut. And the plasmaspheric plume is just an extension312

of the plasmasphere (Figure 1c).313

Despite the fact that β∥h and Ah have a peak at the outer edge of the plasmapause,314

Σh/Sh is strongly affected by the cold density so that it peaks at L = 5.5 inside the315

plasmasphere. Thus based on the local instability condition for H+, the outer region316

of the plasmasphere would be the location most likely to generate EMIC waves [e.g.,317

Jordanova et al., 2001a], though possibly the density gradient in the plasmapause could318

play some role [e.g., Chen et al., 2009].319

Figure 3 is the same as Figure 2, except that in Figure 3c, the dotted curves now show320

the cold ion composition for the variable cold composition model. Note that the He+321

concentration is low, and the O+ concentration becomes large in the plasmatrough region322

(region to the right of the rightmost vertical line in Figure 3c).323
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The instability ratio Σh/Sh in Figure 3d is slightly smaller than that in Figure 2d owing324

to the smaller cold H+ density in the variable cold composition model. But the actual325

reduction in instability is likely to be greater because, as mentioned above, heavy ion326

populations can reduce the growth rate of EMIC waves. Based on results by Denton et al.327

[2014], the bulk O+ concentration was probably between 0.1 and 0.4 at geosynchronous328

orbit in the plasmatrough outside of the plasmaspheric plume. This is significantly higher329

than that in the constant cold composition model, but lower than the concentration in the330

variable cold composition model at large L (Figure 3c). That is, the real concentration of331

O+ was likely between the two extremes of these models.332

4. Hybrid Code Simulation Results

4.1. Hybrid Code Results for the Constant Cold Composition Model

Figure 4 shows the evolution of the wave power with respect to spatial location for the333

constant cold composition model. The wave power is shown for rows labeled “A”, “B”,334

“C”, etc, for the ranges of time listed on the right side of each row versus L shell on335

the horizontal axis and the parallel coordinate q on the vertical axis. The wave power336

in the He+ band is shown in the first and third columns (labels “a” and “c”), the wave337

power in the H+ band is shown in the second and fourth columns (labels “b” and “d”),338

and the wave power integrated over all frequencies is shown in the rightmost column339

(“e”). The wave power is normalized to the magnitude of the local magnetic field at each340

location such that a total wave amplitude equal to the total field would have unity power.341

Therefore a normalized wave power of 0.01 would correspond to an amplitude of 10% of342

the background magnetic field. This normalization tends to enhance the apparent wave343

power at large L and small q where B is smaller relative to other regions. The maximum344
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normalized wave power in each panel is shown at the upper right under the panel label,345

and the wave power is higher than 0.01 at some locations in row “B” only.346

The last three columns show the power in grayscale with the constant scale shown at347

the right side of each row. The range of color in these panels extends up to 0.003, which348

is lower than the maximum power in some panels, so in these cases, the grayscale may349

be oversaturated at some locations. This occurs in rows “B”, “C”, and “F”. But, as350

indicated, the maximum wave power can be found under the label.351

The first two columns “a” and “b” in Figure 4 use a two-dimensional color scale intro-352

duced by Hu and Denton [2009]. Maximum saturation (intensity or non-whiteness) of the353

color corresponds to the maximum wave power in each panel, while the specific hue (or354

color) corresponds to ellipticity using the scale at the top left of the figure. The ellipticity355

ϵ is equal to -1 for left hand polarized waves, 0 for linearly polarized waves, and +1 for356

right hand polarized waves. Note from the color scale for ϵ that blue color indicates values357

of ϵ ranging from -1 to -0.5 and red color indicates values of ϵ ranging from +0.5 to +1.358

So blue color does not necessarily represent a purely left hand circularly rotating wave.359

While the panels using the 2D color scale can be used to find the region of largest360

wave power in the frequency band at a particular time, they do not give a good idea361

of whether that wave power is significant. For instance, the maximum wave power in362

Figure 4Ab and Ad is only 0.00033, corresponding to a wave amplitude of about 1.8%363

of the background magnetic field. But there are regions of strong saturated color in364

Figure 4Ab. The predominance of the red color in most of the panel results from whistler365

noise, which is right hand polarized. So to judge the wave power, it is easier to use the366

right three panels with the same scale or the amplitudes in the top right of each panel.367
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The roughly vertical curves in each panel show flux surfaces (magnetic field lines) ex-368

tending from the equatorial L values at the inner and outer edge of the plasmapause as369

indicated in Figures 2 and 3. If the background magnetic field were exactly dipolar, these370

curves would be exactly vertical. The approximately horizontal curves show constant371

values of MLAT at 10◦, 20◦, 30◦, and 40◦, with the lowest value of MLAT at small q.372

Figure 4 shows that the largest region of wave growth is in the plasmasphere (region to373

the left of the leftmost nearly vertical curve in each panel), though there are also small374

regions of quite large wave power elsewhere, such as at the outer edge of the plasmapause375

in the H+ band in panels Bb and Bd, and in the plasmatrough in the He+ band in panels376

Fa and Fc.377

Figure 5 shows the average wave power in four regions versus the normalized wave378

frequency ω/Ωcp0, where Ωcp0 is the proton gyrofrequency at the magnetic equator found379

by mapping the magnetic flux calculated using the average magnetic field down to the380

equator. These are calculated for the time intervals shown at the right side of the figure381

for the rows labeled “A”, “B”, etc. As was done for Figure 4, the wave power at each382

point in the simulation has been normalized to the local magnetic field. Then the wave383

power is averaged in four regions over the simulation grid points. The power is plotted384

versus unit ω/Ωcp0, such that an integral of the power with respect to ω/Ωcp0 would yield385

the average normalized power in the entire region (including all latitudes).386

The average power for the plasmasphere (region to the left of the nearly vertical curves387

in each panel of Figure 4) is shown in the first column of panels in Figure 5 labeled388

“a”; the average for the plasmapause (region in between the nearly vertical curves in389

each panel of Figure 4) is shown in the second column of panels labeled “b”; the average390

D R A F T September 22, 2014, 6:09pm D R A F T



X - 20 DENTON ET AL.: DENSITY VARIATION, O+, AND EMIC WAVES

for the plasmatrough (region to the right of the nearly vertical curves in each panel of391

Figure 4) is shown in the third column of panels labeled “c”; finally the average over392

the entire simulation domain is shown in the last column of panels labeled “d”. The393

blue curves show the left hand polarized wave power, while the red curves show the right394

hand polarized wave power. The value of ϵ at any point is (A+ −A−)/(A+ +A−), where395

A± ≡
√
P±, and A± and P± are the amplitude and wave power, respectively, with + for396

the right hand polarized wave power, and − for left hand polarized wave power. Thus if397

the blue curve is higher than the red curve, P− > P+, ϵ < 0, and the waves are left hand398

polarized.399

The two vertical gray lines are at the O+ gyrofrequency, ω/Ωcp0 = 1/16, and the He+400

gyrofrequency, ω/Ωcp0 = 1/4. The low amplitude wave power under 10−4 that is fairly401

constant with respect to frequency is thermal noise. The EMIC waves show up as peaks402

rising from this background. Early in the growth cycle of the waves, such as at the first403

time interval, t = 10 to 35s in the first row labeled “A”, the wave power is left hand404

polarized (blue curves higher than red curves). There are peaks with respect to frequency405

in the He+ band (region in between the two gray lines) and in the H+ band (region to406

the right of the rightmost gray line) in all spatial regions, but the He+ wave power is407

strongest in the plasmasphere while the H+ wave power is strongest in the plasmapause408

and plasmatrough.409

By examining Figure 5 column d with wave power averaged over all spatial regions,410

we see that the largest wave power is generally in the He+ band, as was roughly evident411

comparing columns c and d of Figure 4. As time progresses, the He+ waves grow to a412
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maximum (Figure 5Bd), then decrease in power and become more linearly polarized as413

indicated by the red curve coming closer to the blue curve in Figure 5Gd.414

In the plasmasphere (column a of Figure 5), there is some small wave growth in the415

H+ band at ω/Ωcp0 ∼ 0.47; this is most evident in the 35s to 60s interval (Figure 5Ba).416

But the largest wave power in the plasmasphere is always in the He+ band, and in this417

frequency band, the wave power in the plasmasphere is always the dominant component418

of the total wave power (comparing columns a and d of Figure 5).419

The frequency dependent evolution of wave power in the plasmatrough (Figure 5 column420

c) is different. At the earliest time interval 10s to 35s (row A), EMIC waves start to grow421

in the H+ band at ω/Ωcp0 = 0.5 (Figure 5Ac). In the next time interval 35s to 60s422

(Figure 5Bc), the strongest wave power has shifted to lower frequency, but still within423

the H+ band at ω/Ωcp0 ∼ 0.33. Later during the time interval 110s to 160s (Figure 5Ec424

and Fc), the most intense wave power is in the He+ band. At these times, the strongest425

wave power is centered at about ω/Ωcp0 = 0.2, which is a higher normalized frequency426

than the He+ band waves in the plasmasphere that are centered at a frequency of about427

0.17 (Figure 5 column a).428

The frequency dependent evolution of wave power in the plasmapause (Figure 5 column429

b) is intermediate between that in the plasmasphere and plasmatrough (columns a and430

c, respectively). Wave power grows in the He+ band from the earliest time centered at a431

frequency intermediate between that in the plasmasphere and in the plasmatrough. Wave432

power grows in the H+ band at early times (Figure 5Ab and Bb) similar to that in the433

plasmatrough (Figure 5Ac and Bc). The reason that the wave power in the plasmapause434

is similar to that in the plasmasphere and plasmatrough can be easily seen from Figure 4.435
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The He+ wave power in the plasmapause is the outermost extension of the He+ wave436

power in the plasmasphere (Figure 4Bc and Cc), and the strongest H+ band wave power437

is at the boundary between the plasmapause and plasmatrough (Figure 4Bd). These438

simulation results suggest that the wave growth in the plasmapause is not predominantly439

due to the density gradient, which would be largest at the center of the plasmapause440

(Figure 2c), but rather due to the favorable properties (discussed later) of the adjacent441

spatial regions.442

4.2. Hybrid Code Results for the Variable Cold Composition Model

Now we show hybrid code simulation results for the variable cold composition model.443

Recall that there are two main differences between the two models, as illustrated in444

Figure 2c and Figure 3c. In the variable cold composition model, the He+ composition is445

much lower, about 3% of the cold light ions versus 20% of all the cold particles, and the446

O+ composition is much higher, becoming dominant at the largest L shells.447

Figure 6 shows the evolution of the wave power with respect to spatial location using the448

same format as Figure 4. One difference is that the time intervals in Figure 6 are 20s rather449

than the 25s intervals used in Figure 4. (This choice was made because the significant450

wave evolution occurred during a shorter total amount of time for the variable cold density451

composition model.) The wave evolution in this case is simpler. The He+ band waves452

are confined to the plasmasphere, and the H+ waves are strongest near the inner edge of453

the plasmapause, extending from the outer third of the plasmasphere (Figure 6 column454

d, especially panel Bd) to the inner third of the plasmapause (especially panels Bd and455

Cd). There is no significant wave growth in the plasmatrough. The maximum normalized456
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wave power is lower, reaching a maximum value of 0.0036 in Figure 6Be versus 0.013 in457

Figure 4Be. Furthermore the apparent wave power decays more quickly.458

This apparent decay in wave power is somewhat misleading. As the waves propagate459

along the magnetic field toward the ionospheric boundary, the normalized wave power460

decreases due to the increase in the background magnetic field. There is some energy461

loss near the ionospheric boundary due to the resistive layer that is there, but results462

by Hu et al. [2010] suggest that there is also significant reflection of wave power. There463

is a pileup of energy near the grid scale in the radial direction at later times. Electron464

Landau damping, not included in our simulation, would probably reduce the power of465

these significantly oblique waves [Thorne and Horne, 1992].466

Another difference between Figure 4 and Figure 6 is that the waves in Figure 6 appear467

to be more linearly polarized. The left hand polarized waves tend to be more cyan colored468

than blue and the right hand polarized waves tend to be more yellow colored than red.469

We do not have an explanation for this other than to note that it is consistent with linear470

theory. Calculating the wave properties at L = 5.5 (within the plasmasphere) at the k∥471

value of maximum growth rate but for θkB = 30◦, we find that the ellipticity is -0.72 for472

the constant cold composition model and -0.55 for the variable cold composition model.473

The fact that the waves are more linearly polarized for larger O+ concentration was also474

noted by Hu et al. [2010].475

Figure 7 shows results from the same simulation with respect to frequency, with the476

same format as Figure 5. As we saw from Figure 6, most of the He+ wave growth was477

in the plasmasphere (see Figure 7 column a). (There is a very small peak in power in478

the He+ band in the plasmapause which can be seen in Figure 7Db as the small peak479
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just to the left of the rightmost vertical gray line.) Waves in the H+ band grow in the480

plasmasphere and plasmapause regions. There is a slight shift to lower frequency at later481

time, as can be seen by comparing Figure 7Bb to Figure 7Cb.482

5. Discussion and Summary

5.1. Effect of the Plasmapause

While there may be significant wave growth within the plasmapause, that growth does483

not seem to result from the density gradient. The growth in the plasmapause occurs484

in a region that either extends across the plasmapause boundary into the plasmasphere485

(Figure 4Bc and Figure 4Cc) or into the plasmatrough (Figure 4Bd). The region of486

steepest gradient (middle of the plasmapause region) seems to be dispreferred for wave487

growth.488

The idea that a density gradient guides the wave so that the wave vector remains489

approximately aligned with the magnetic field leading to larger wave growth has been490

supported by Thorne and Horne [1997], Chen et al. [2009], and de Soria-Santacruz et al.491

[2013] using the ray tracing technique. Thorne and Horne [1997] show guiding near the492

inner edge of the plasmapause. The mechanism seems to be that the waves are refracted493

inward while in the plasmapause. But after the waves propagate into the plasmasphere,494

they refract outward. Bounces in position and wave angle can occur (see Thorne and495

Horne’s Figure 3). Chen et al. [2009] and de Soria-Santacruz et al. [2013], on the other496

hand, describe guiding within a gradient on a localized density perturbation. Figure 2 of497

Chen et al. [2009] shows that the wave growth is strongest at the outer (high beta) edge498

of the peaks in electron density ne. This might cause one to wonder if the larger growth499

in their simulation can be explained entirely by local conditions. However, experiments500
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varying the density profile show that if the density profile is varied so that the local density501

is everywhere smaller but the density gradient is larger, the wave growth increases (Lunjin502

Chen, private communication, 2014). Therefore the density gradient is playing a role in503

the wave growth in Chen et al.’s simulations.504

Figure 1c of de Soria-Santacruz et al. [2013] more clearly shows maximum wave growth505

near the peak in the density gradient. de Soria-Santacruz et al. [2013] state that “guiding506

is possible for irregularity sizes on the order of the EMIC wave length.” In their model,507

the drop in density is a factor of about 2.5 within a width of somewhat less than about508

two parallel wavelengths. In our simulation, the drop in density is a factor of about 4.5509

within a plasmapause width of slightly less than four parallel wavelengths. Therefore the510

parameters are fairly similar.511

One factor that is not included in the ray tracing simulations is the radial structure of512

the waves. Hu and Denton [2009] found that there was a radial coherence length over513

which the EMIC waves would maintain a coherent structure. Within the plasmapause, the514

parallel wavelength and frequency of the waves vary (as described below in Subsection 5.3),515

and it may be that coherent growth of EMIC waves is difficult within a steep gradient.516

Despite the fact that the major wave growth is not within the plasmapause, the plasma-517

pause does appear to play a significant role in the evolution of the direction of the local518

wave vector. Figure 8 shows for the constant cold composition model the s component of519

the wave magnetic field, Bs, normalized to the equatorial magnetic field at the central L520

shell, B0, in the meridional plane of the simulation plotted using Cartesian coordinates521

so that the angle between the wave vector (normal to the wave fronts) and magnetic field522

can be roughly estimated. Each panel shows Bs/B0 at the central time of one of the first523
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five time intervals plotted in Figure 4. The green curves that intersect Z = 0 are magnetic524

flux surfaces at the plasmapause boundaries shown in Figure 2. Note carefully that the525

curves of constant MLAT (curves roughly normal to the flux surfaces) are not normal to526

the flux surfaces and cannot be used to judge the wave power angle. The equilibrium527

magnetic field roughly follows the shape of the flux curves and the shape of the outer528

boundaries L boundaries which are also flux surfaces.529

Note from Figure 8A, corresponding to t = 22.5s, that the largest early wave growth is530

in the plasmasphere (region to the left of the leftmost green curve intersecting Z = 0),531

marked by point “P”. In Figure 8A, the dominant wave power is at MLAT less than 10◦532

and the wave fronts are roughly normal to the magnetic flux surfaces indicating that the533

wave vector is roughly parallel to those surfaces. At t = 47.5s (Figure 8B), the dominant534

wave power is still within the plasmasphere, and for small MLAT, the wave vector is still535

roughly along the equilibrium magnetic field. But at larger MLAT, especially for MLAT536

> 10◦, the wave vector is tilted relative to the equilibrium magnetic field. Well within the537

plasmasphere, at point “Q” in Figure 8B, the wave vector has refracted outward. This is538

even clearer at point “R” in Figure 8C and point “S” in in Figure 8D. Later waves in the539

plasmatrough, marked by point “T” in in Figure 8E also appear to be refracting outward.540

But even though the dominant wave power is within the plasmasphere at t = 47.5s541

(Figure 8B), the wave fronts close to the inner plasmapause boundary are tilted inward;542

see point “U” in Figure 8B. Inward refraction within the plasmapause is evident just543

outside the inner plasmapause boundary near point “U” and is also evident that points544

“V” and “W” in Figure 8C and D, respectively. The fact that the wave front within the545

plasmasphere is also refracted inward (point “U”) suggests that the wave fronts are affected546
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globally by the surrounding region. The weaker but faster propagating waves outside the547

inner boundary of the plasmapause in Figure 8B appear to be dragging forward the wave548

fronts within the plasmasphere. The result may be similar to that of the radially bouncing549

wave packets of Thorne and Horne [1997].550

5.2. Wave Normal Angles

As we indicated earlier, the wave normal angle θkB can be roughly estimated from551

Figure 8 as the angle between the normal to the wave fronts and the magnetic flux surfaces.552

For waves within the plasmasphere and plasmatrough, θkB appears to be usually within553

25◦ of zero for MLAT ≤ 10◦. At larger values of MLAT, this angle increases. For instance,554

at point “R” in Figure 8C (at about 14 ◦), the angle is about 40◦. The largest values555

of θkB occur in the plasmapause where there is a steep gradient in the frequency of the556

waves (as described in Section 5.3 below). At point “W” in Figure 8D, θkB is about 60◦557

and farther along on the same flux surface at MLAT > 20◦ θkB is about 85◦.558

For the constant cold composition model at L = 5.75 (middle of plasmapause) at the559

magnetic equator, the local linear growth rate of EMIC waves is maximum for θkB = 0◦560

(parallel propagation). The growth rate decreases to one half of its maximum value at561

about θkB = 27◦, to 1/10 of its maximum value at θkB = 44◦, and to zero value (marginal562

stability) at θkB = 76◦. At θkB = 85◦, the damping rate is about -0.0015 Ωcp. The563

damping rate is likely to be larger at high MLAT where the plasma is less unstable.564

5.3. Frequency of the Waves

Generally, we find that the He+ band waves with lowest frequency are most unstable565

in the plasmasphere (Figure 5), whereas the H+ band waves with higher frequency are566
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most unstable farther out. In Figure 4, the H+ band waves are most unstable in the567

plasmapause and plasmatrough, and particularly near the outer edge of the plasmapause568

(Figure 4Bd). In Figure 6, we find that the H+ band waves occur at the outer edge of569

the plasmasphere and inner portion of the plasmapause (Figure 6Bd). As we will discuss570

below, this difference is due to the vastly different cold ion composition. But we see571

in both cases a preference for H+ waves relative to He+ waves at larger L. Note that572

Anderson et al. [1992b] found that ω/Ωcp (their “X”) increased with respect to L (their573

Figure 5, top panel).574

In addition, there is a tendency for the wave frequency of the waves that are driven575

to gradually decrease with respect to time. For instance, we see in column c of Figure 5576

(plasmatrough) that at first the most unstable waves are at ω/Ωcp = 0.5, then later at577

about 0.33, and even later at about 0.2.578

Both of these dependencies can be easily understood. Assume that the waves are driven

by a bi-Maxwellian distribution of hot protons such that the wave is in Doppler resonance

with Ωcp for the hot protons with a parallel velocity equal to the parallel thermal speed

of the hot protons, vth∥h ≡
√
2kBT∥h/mp, so that

Ωcp = ω + k∥vth∥h. (1)

Here kB is the Boltzmann constant, and T∥h is the hot proton temperature associated579

with motion along the magnetic field. From (1), we find580

(
1− ω

k∥

)2

= v2th∥h (2)

=
ne

nh

β∥h (3)

≡ β∥h,e. (4)

D R A F T September 22, 2014, 6:09pm D R A F T



DENTON ET AL.: DENSITY VARIATION, O+, AND EMIC WAVES X - 29

Here the overbars indicate normalized quantities, where we have normalized distances581

to c/ωpp and inverse time to Ωcp, and where the proton plasma frequency is ωpp ≡582 √
nee2/mpϵ0, the proton cyclotron frequency is Ωcp ≡ eB/mp, e is the proton charge,583

mp is the proton mass, and ϵ0 is the vacuum permittivity. The quantity β∥h,e is the584

plasma beta calculated using the parallel temperature of the hot protons and the total585

electron density. (This quantity was used by Gary et al. [1994b].)586

For a multi-species plasma with singly charged ions of species s, the dispersion relation

for electromagnetic ion cyclotron waves is [Swanson, 2003, p. 28]

k
2

∥ = ω

(∑
s

ηs
1−msω

− 1

)
. (5)

Here the species concentration ηs ≡ ns/ne, and the normalized ion mass ms ≡ ms/mp. If

we substitute this into (4), we find

ω

(1− ω)2

(∑
s

ηs
1−msω

− 1

)
=

1

β∥h,e
. (6)

We will show that this equation predicts the most unstable frequencies of EMIC waves587

remarkably well. Note that in terms of normalized parameters, it is not the absolute total588

density that determines β∥h,e, but the ratio ne/nh, since β∥h,e ≡ (ne/nh)β∥h.589

Within each EMIC wave band, the left hand side of (6) increases with respect to ω, and590

aside from frequencies close to the resonant frequencies, msω = ω/Ωcs = 1, and the cutoff591

frequencies where k∥ = 0, the left-hand side of (6) increases with respect to ω across wave592

bands. This is demonstrated in Figure 9 for the case of the concentrations in our constant593

cold composition model, ηH = 0.77, ηHe = 0.20, and ηO = 0.03. (The left-hand side of (6)594

goes to infinity where ω/Ωcs = 1 and to zero where k∥ = 0.)595
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An increase in ne results in a larger value of β∥h,e, and hence a lower value for the596

right-hand side of (6), which means that (6) will be satisfied for lower values of ω. This597

explains why the He+ band in our simulations is preferably driven in the plasmasphere,598

while the H+ band is preferably driven in the plasmatrough (Figure 4, row B).599

While (6) shows that the frequency of the unstable waves is dependent on β∥h, but

not on the anisotropy of the hot population Ah ≡ T⊥h/T∥h − 1, these quantities are not

usually independent. A plasma with large β∥h and large Ah would be extremely unstable.

Usually the hot population stays close to a threshold similar to Σh = Sh mentioned in

Section 3 [Blum et al., 2009]. Thus considering the definition of Σh ≡ Ahβ
αh

∥h , the right

side of (6) would be expected to be proportional to A
1/αh

h , where αh is usually between

0.4 and 0.5, showing that normally we expect higher anisotropy to drive higher frequency

waves. This expectation is consistent with the upper limit on ω that immediately follows

from Equation 2.23 of Kennel and Petschek [1966],

ω ≤ Ah

1 + Ah

. (7)

Figure 10 shows the normalized frequency ω ≡ ω/Ωcp versus L shell for the constant cold600

composition model in Figure 10a and the variable cold composition model in Figure 10b.601

The upper and lower blue curves in Figure 10a or Figure 10b are the predicted most602

unstable wave frequency based on (6) for the H+ band waves and He+ band waves,603

respectively. In the cold plasma limit at finite θkB, the waves in each band below the604

crossover frequency would connect topologically to the higher frequency mode, with the605

H+ band waves connecting to the whistler band [Andre, 1985; Hu et al., 2010]. From this606

perspective, we might need to know whether the wave is above or below the crossover607

frequency to label the mode. But here we call all waves between the mode gyrofrequency608
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and the next lower gyrofrequency the name of the higher gyrofrequency. In other words,609

all waves between the He+ and H+ gyrofrequency are called H+ band waves. Note also610

that results that we present below suggest that the cold plasma topology is not always611

relevant.612

The blue asterisks in Figure 10 show the frequency of maximum growth rate predicted613

by the electromagnetic plasma dispersion code Waves in Homogeneous Anisotropic Mul-614

ticomponent Plasmas (WHAMP) [Ronnmark , 1982], while the blue circles show the fre-615

quency of waves actually observed in our simulations at the earliest time and at positions616

and frequency consistent with Figures 4, 5, 6, and 7. The observed waves in our simula-617

tion (circles) are at frequencies very close to the most unstable frequencies predicted by618

WHAMP (blue asterisks), and both of these are close to those based on the simple model619

(blue solid curves). From Figure 10, we also see that (6) explains the shift in frequency620

within each wave band from low values for high ne at low L to higher values for low ne at621

high L.622

The shift with respect to time of wave frequency from higher frequency to lower fre-623

quency can be explained by the evolution of the hot proton population. The tendency624

of the waves is to drive the plasma toward isotropy (T∥h = T⊥h) by transferring thermal625

energy from the perpendicular to parallel direction [Denton et al., 1993]. But the waves626

do not drive the plasma toward complete isotropy. Rather they reduce the anisotropy so627

that the plasma becomes approximately marginally stable to the particular waves that is628

affecting the plasma [Gary et al., 1994c; Denton et al., 1994]. The high frequency waves629

transfer energy to the parallel direction, increasing β∥h, and thus leading to conditions630

that favor lower frequency waves.631
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5.4. Effect of Varying O+ Composition

Omidi et al. [2013] showed that a high concentration of O+ in an H+/O+ plasma632

yielded EMIC waves that were heavily damped. They interpreted these results as due to633

higher harmonic resonance with the O+ ions.634

Wementioned in an AGU presentation that high concentration of O+ can eliminate He+635

band and H+ band waves [Denton and Hu, 2010], and we observed that same result here636

for the variable cold composition model in the plasmatrough (Figure 7 column c). Left637

hand polarized waves can only grow above the cutoff frequency. For a cold plasma, this638

frequency can be found from (5) by setting k∥ = 0. In Figure 10a and Figure 10b, the cold639

plasma cutoff frequency for H+ and He+ bands is the dashed red curve, while the upward640

pointing red triangles are the left hand polarized mode cutoff frequency determined from641

WHAMP. Clearly, the cold plasma formula well predicts the kinetic cutoff frequency. The642

red solid curve Figure 10a and Figure 10b shows the maximum possible frequency based643

on (7), while the dotted horizontal gray line corresponds to ω = ΩcHe. Note that the644

dashed red curve for each wave band represents the lowest possible frequency for that645

wave mode, while the highest possible frequency is the solid red curve for the H+ band or646

the dotted horizontal gray line for the He+ band. The blue curves and blue data points647

always occur within these limits. While we haven’t studied this aspect in detail, it also648

appears that the waves only grow where the blue curve is significantly above the dashed649

red curve, that is, where the most unstable frequency is significantly above the cutoff650

frequency.651

For the variable cold composition model, Figure 10b shows that the wave frequency for652

both H+ band and He+ waves based on the simple model (blue curve) and the cutoff653
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frequency (dashed red curve) get very large in the plasmatrough. At the outer edge654

of the plasmapause (rightmost gray line in Figure 3c), ηHe = 0.032 and ηO = 0.35.655

With those concentrations, the cold plasma He+ cutoff frequency is at 0.23 Ωcp, and the656

H+ cutoff frequency is at 0.44 Ωcp. The large cutoff frequency means that the range657

of possible unstable frequencies is small. The predicted most unstable frequencies for658

these modes (solid blue curves) are even higher. For the He+ band, the predicted most659

unstable frequency is 0.244 Ωcp, very close to the He+ gyrofrequency at 0.25 Ωcp. The660

predicted most unstable frequency for H+ is 0.52 Ωcp, close to the upper limit of unstable661

frequencies given by (7), 0.57 Ωcp. Neither H+ band nor He+ band waves were observed662

in the plasmatrough.663

Note that the cutoff frequency in the H+ band above the He+ gyrofrequency is not664

necessarily determined by the He+ concentration. This is true also for the most unstable665

frequency. As mentioned above, with ηHe = 0.032 and ηO = 0.35, the cold plasma cutoff666

frequency in the H+ band is at 0.44 Ωcp. If we drop ηHe to zero (by increasing ηH), we get667

0.35 Ωcp, but if we drop ηO to zero, we get 0.27 Ωcp. Thus in this case O+ is playing the668

dominant role in determining the H+ cutoff frequency, and hence the width in frequency669

of the stop band (region with no possibility of waves) above ΩcHe. Consequently we advise670

that researchers use caution about using the stop band at ω > ΩcHe alone to estimate the671

He concentration, especially at solar maximum (see discussion below).672

The effect of heavy ions on the EMIC wave frequency can be easily understood based

on (6) and (5). Assume that we vary the composition but hold the total density constant

so that the right hand side of (6), equal to 1/β∥h,e, is constant. The left hand side of (6)

has a product of two terms. The first of these, ω/(1 − ω)2, increases with respect to ω.

D R A F T September 22, 2014, 6:09pm D R A F T



X - 34 DENTON ET AL.: DENSITY VARIATION, O+, AND EMIC WAVES

The second of these is
∑

s ηs/(1−msω)− 1, which can be expressed as

∑
s

ηs
1− ωs

− 1, (8)

where ωs ≡ msω = ω/Ωcs is the angular frequency normalized to the species gyrofre-673

quency. The second term has quantities ηs/(1 − ωs). These terms are positive if ωs is674

less than unity, and negative if ωs is greater than unity. So these quantities are negative675

for a heavy ion species with gyrofrequency below the wave band. That is, He+ and O+676

have gyrofrequencies below the H+ band for which the wave frequency is greater than677

ΩcHe, and O+ has a gyrofrequency below the He+ band for which the wave frequency is678

greater than ΩcO. Thus increasing the concentration of the heavy ions with gyrofrequency679

below the waveband will decrease the second term, and then the wave frequency will have680

to increase in order that (6) continue to be satisfied. So when we increase ηO, the most681

unstable frequency for EMIC waves will increase for both He+ and H+ bands.682

Similarly, the cutoff frequency can be found by setting the right-hand side of (5) equal683

to zero (so that k∥ = 0). Comparing (5) and (8), we see that the cutoff frequency is found684

from solutions of (8) equal to zero (except for the O+ band with cutoff at ω = 0). In685

order for there to be a valid solution, the sum of positive terms ηs/(1−ωs) for species with686

gyrofrequency above the waveband must be at least a value unity greater than the negative687

terms for species with gyrofrequency below the waveband. If the concentration is increased688

for a heavy ion with gyrofrequency below the waveband, increasing the magnitude of the689

negative terms, the frequency must adjust to increase the magnitude of the positive terms.690

Those will become greater if ω increases. For instance, the H+ term is ηH/(1 − ω), and691

this increases as ω increases. Similarly the magnitude of the negative terms will decrease692
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as ω is increased. So when we increase ηO, the cutoff frequencies for both He+ and H+693

EMIC wave bands will also increase.694

In the variable cold composition case, there is some small wave growth at the inner edge695

of the plasmapause. This appears to be largest in the H+ band (Figure 6Bd and Cd), but696

does occur to a smaller degree in the He+ band (Figure 6Da and Ea). At the inner edge697

of the plasmapause, ηHe = 0.038 and ηO = 0.091 (at leftmost gray line in Figure 3c). For698

these concentrations, the He+ cutoff frequency is at 0.13 Ωcp, and the H+ cutoff frequency699

is at 0.30 Ωcp. The predicted most unstable frequency for each mode is significantly higher700

than the cutoff frequency, and well under the upper frequency limit for each mode. Thus701

the limits are not so extreme, and Figure 7 column b shows small wave growth in both702

bands within the plasmapause.703

In conclusion, it appears that a large concentration of O+ can severely limit EMIC704

waves. Based on results summarized by Denton et al. [2011], there is usually a small705

concentration of O+ in the plasmasphere during all phases of the solar cycle, but the706

concentration of O+ in the plasmatrough varies greatly. During solar maximum, ηO may707

be around 0.35 on average in the plasmatrough, but at solar minimum there is very little708

O+ in the plasmatrough. These results suggest that there is usually very little O+ at709

geostationary orbit during solar minimum. Our preliminary results studying the more710

detailed dependence of ηO [Denton et al., 2012] suggests that the O+ concentration is711

greatest at dawn local time (where the plasma is more “plasma cloak-like” [Chappell712

et al., 2008; Lee and Angelopoulos , 2014]) and where it is less “plasmasphere-like” (high713

density) and where EMIC waves are less likely to occur [Anderson et al., 1992a; Halford714
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et al., 2010]). These results also suggest that the O+ concentration is higher at times of715

large negative Dst.716

At any rate, these results suggest that, all other things being equal, EMIC waves would717

be more likely in the plasmatrough at solar minimum. Of course, “all other things” are718

not always equal. But under conditions conducive to EMIC waves, especially large Ah and719

β∥h, possibly enhanced by large ne, EMIC waves should be more likely in the plasmatrough720

during solar minimum than at solar maximum.721

Recent results by Lee and Angelopoulos [2014] suggest that under some circumstances,722

the He+ concentration can be much higher than that assumed in either of our models.723

(See their Figure 7.) For the case described in this paper, at geostationary orbit at MLT724

= 18, they find on average a low concentration of He+. But at large distances on the725

nightside, and to a lesser extent in the morning local time sector, they find that the He+726

concentration can be quite large, and that would also potentially have dramatic effects727

on the EMIC wave properties.728

5.5. Kinetic Effects on the Dispersion Relation

EMIC waves are thought to occur most often in the left hand polarized wave surface729

above the crossover frequency. In Figure 10, the crossover frequency based on a cold730

plasma is indicated by the dotted green curves using the formula of Uberoi [1973]. The731

green squares indicate the kinetic crossover frequency found using WHAMP. There are732

only two of these points shown. In other cases, we were not able to solve for the right733

hand polarized waves using WHAMP. We find that sometimes the waves are driven below734

the crossover frequency, for instance for the H+ band waves at the outer edge of the735

plasmapause in the constant cold composition model. From Figure 10a, we see that the736
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green square at ω = 0.53 is definitely above the blue circles (denoting the observed waves737

in the simulation at the earliest time).738

Figure 11 shows the real frequency ω/Ωcp and normalized growth rate γ/Ωcp on the left739

hand polarized wave surface. Noting the range of red color, indicating positive growth740

rate, it is clear that the waves are growing at frequencies below the kinetic crossover741

frequency at ω = 0.53. In this case, the crossover frequency is near the upper edge (near742

the high values of k∥) of the region in k space that is unstable. An interesting feature743

of this wave surface is that it maintains its topological integrity at large values of θkB.744

Based on cold plasma theory, we would expect the part of this surface above the crossover745

frequency value to connect topologically to the right hand polarized surface at smaller k∥746

[Andre, 1985; Hu et al., 2010]. But this surface is entirely left hand polarized. Running747

WHAMP with log10(k⊥ρ⊥) = −1, and stepping log10(k⊥ρ∥) with the last solution as an748

input to the next, we are not able to get the solution to jump from the left hand polarized749

surface to the right hand polarized surface, even with logarithmic steps in log10(k⊥ρ∥) as750

small as 10−5. Examination of the right hand polarized surface in this frequency range751

(not shown) indicates that it exists as a significantly damped mode at small values of k⊥,752

and at larger values of k⊥ it is heavily damped as it approaches the crossover frequency so753

that WHAMP is not able to converge on a solution. Note that WHAMP converges on the754

nearest complex frequency to the input frequency, so the imaginary part of the frequency755

does influence the solutions that it finds. Evidence that the left and right hand polarized756

surfaces are changing from the cold plasma situation may be that the green squares in757

Figure 10 are significantly off from the dotted green curves.758
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We varied the temperature of the various species to find out what is causing the anoma-759

lous dispersion surfaces. If we set the temperature of all the species except ring current760

H+ equal to 0.1 eV, the dispersion surfaces are like we have described above, including761

that plotted in Figure 11. If we then lower the ring current H+ temperature to 0.1 eV, we762

get the cold plasma dispersion surfaces including the transition at the crossover frequency763

from left-hand to right hand polarized waves. This shows that in our case it is the finite764

temperature of the ring current H+ that is causing the anomalous behavior.765

This shows that cold plasma theory does not always accurately describe the topology766

of the wave surfaces, as in this case, it clearly didn’t. Such a result may have severe767

implications for ray tracing calculations. Chen et al. [2011] studied a H+/He+ plasma768

and came to a similar conclusion. Their Figure 1e appears to show a change in connection769

of surfaces as θkB is varied, which we do not observe, but our surface with ω > ΩcHe770

is similar to their upper dashed red curve for θkB = 15◦. Chen et al. [2011], however,771

reported that their results depended on “warm” temperature for the He+, whereas we are772

finding differences from cold plasma theory with hot ring current H+ but very cold He+.773

5.6. Cycle of Wave Growth

In 2007, there was a debate about the evolution of EMIC waves. Thorne and Horne774

[2007] argued that EMIC waves complete their full wave growth in one transit toward the775

ionosphere and then, as they become oblique, are heavily damped by electron Landau776

damping so that no significant wave power is reflected. Khazanov et al. [2007] argued777

that the waves do not complete their growth in a single transit and that there is some778

reflection of wave power.779
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In our case, the waves do complete their growth in one transit toward the ionosphere,780

apparently favoring the position of Thorne and Horne, even without Landau damping781

being included in the model. On the other hand, the plasma instability will not always be782

as strong as it is in the case that we are simulating, and the noise level in our simulation is783

larger than that in the real magnetosphere. So under more realistic conditions, the waves784

will need more time to grow to large amplitude.785

Secondly, we do see reflected wave power, albeit at an amplitude decreasing with respect786

to time. This can be seen in Figure 6, columns a and b, but can be seen better in the results787

presented by Hu et al. [2010]. This result would seem to favor the position of Khazanov788

et al. But we do not have electron Landau damping in our simulation. This would damp789

the waves at later times, especially considering that the scale lengths in radial structure of790

our late time waves are moving toward grid scale corresponding to highly oblique waves.791

Therefore our results, while relevant to this debate, are inconclusive, and more work will792

need to be done in order to understand the realistic temporal evolution of the waves.793

5.7. Comparison of Observed and Simulation Wave Spectra

Examination of Figures 4 and 6 shows the EMIC wave power and relative contribution794

from the He+ and H+ bands will vary greatly depending on the spatial location, and795

Figure 5 shows that the frequency spectrum can change with respect to time during an796

EMIC event. Comparison of the results in our two runs shows that the wave power and797

frequency spectrum depends strongly on the ion composition, and (6) shows that the wave798

frequencies that are likely to be driven are dependent on the hot proton temperature and799

the cold proton density. Thus it will be difficult to do an exact comparison between800

observations and model results unless a complete set of observations is available including801
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composition of hot and cold ions. In addition, no spacecraft was at the exact local time of802

our simulation (MLT = 18) at the exact time of the simulation (June 9, 2001, 1900 UT).803

For our purposes here, we simply show that at one location in the region of largest wave804

growth the kind of wave spectra that results from our simulation is similar to spectra805

that are observed. Fraser et al. [2005] showed EMIC wave spectra at several times during806

June 9, 2001 (their Plate 2 and Figure 5). Here we plot in Figure 12a the waves observed807

by the GOES 10 spacecraft at June 9, 2001, 2140–2150 UT when the spacecraft was at808

MLT = 13, which Fraser et al. plotted in their Figure 5 (top right panel). Based on their809

Figure 6, GOES 10 may have been in a high density region at that time (see the 01A and810

080 tracks on their figure). The data was windowed, and three point frequency averaging811

was applied.812

In Figure 12b, we show a wave spectrum from the variable composition simulation at813

t = 20s to 55s (a smaller interval than was used for Figure 12a) at L = 5.3 and MLAT814

∼ 8◦. This location is in the plasmasphere where both He+ mode and H+ mode waves815

are observed and the polarization is mostly left-handed (Figure 6, row B). This is also the816

time of maximum wave power (Figure 6 and Figure 7). There are strong similarities817

between the observed and simulated frequency spectra. Both spectra show peaks in818

He+ band and H+ band wave power. The waves are dominantly left hand polarized819

in both cases, though linearly polarized at the low frequency end of the H+ band waves.820

Observed GOES spectra calculated during smaller amounts of time (not shown) generally821

have sharper frequency peaks with larger wave power and may have different polarization822

properties. For instance, during some smaller time intervals, the entire H+ peak had823

left-hand or linear polarization.824
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There are some significant differences between the observed and simulated frequency825

spectra. The wave power for the simulated spectrum is larger. The wave amplitude in826

the simulation is about 10% of the background magnetic field, which is large, but not827

unrealistically so. In the simulation, the wave power in the H+ band is much larger828

compared to that in the He+ band than for the observed waves. Based on Figure 6, row829

B, the ratio of wave power in the He+ and H+ bands would vary greatly depending on830

the exact spatial location. There is significant wave power observed by GOES 10 in the831

O+ band (to the left of the leftmost vertical gray line in Figure 12a), apparently linearly832

polarized, whereas we do not observe that in the simulation (Figure 12b). Perhaps the833

most significant difference in the two spectra is the noise level. Our numerical noise level,834

normalized wave power ∼ 10−4 is much larger than the observed noise level ∼ 10−7. Both835

the He+ band and H+ band wave spectra are well above the numerical noise, indicating836

that they are well represented, but the wave power at higher frequencies is too large.837

5.8. Summary

We have been able to run full scale simulations of EMIC waves with realistic particle838

distributions. The most important results of our study are:839

1. While an exact comparison between observed and simulated spectra is not possible840

given the data available, we do find significant similarities between the two, at least at841

one location within the region of largest wave growth (Subsection 5.7).842

2. The plasmapause is not a preferred region for EMIC wave growth, though waves843

can grow in that region (Subsection 5.1). The density gradient within the plasmapause844

does, however, affect the orientation of wave fronts and wave vector both within the845

plasmapause and in adjacent regions.846
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3. There is a preference for EMIC waves to be driven in the He+ band within the plas-847

masphere (or high density region), although they can also grow in the plasmatrough (low848

density region). If present, H+ band waves are more likely to grow in the plasmatrough849

(Subsection 5.3).850

4. This fact, plus the L dependence of the frequency and possible time evolution toward851

lower frequency waves can be explained by a simple model (Subsection 5.3).852

5. Large O+ concentration limits the frequency range of, or even totally quenches,853

EMIC waves. This is more likely to occur in the plasmatrough at solar maximum (Sub-854

section 5.4).855

6. Large O+ concentration can significantly affect the H+ cutoff frequency, and hence856

the width in frequency of the stop band above ΩcHe.857

7. The finite temperature of the ring current H+ can make cold plasma theory insuffi-858

cient for describing EMIC wave surfaces (Subsection 5.5).859

Acknowledgments. We thank Alexa Halford, Jay Johnson and Jacob Bortnik for860

helpful discussions. Work at Dartmouth was supported by NASA grants NNX10AQ60G,861

NNX13AD65G, and NNX08AM58G. Work at Los Alamos was conducted under the aus-862

pices of the United States Department of Energy with partial support from NASA grants863

NNH10AP09I and NNH13AW83I, and NSF grant AGR1203460. Work at Newcastle Aus-864

tralia was supported by ARC grant DP0772504. We thank Howard Singer for supplying865

GOES magnetometer data. Numerical data shown in this paper is available from the lead866

author upon request.867

D R A F T September 22, 2014, 6:09pm D R A F T



DENTON ET AL.: DENSITY VARIATION, O+, AND EMIC WAVES X - 43

References

Anderson, B. J., and D. C. Hamilton (1993), Electromagnetic ion-cyclotron waves stim-868

ulated by modest magnetospheric compressions, J. Geophys. Res., 98 (A7), 11,369–869

11,382.870

Anderson, B. J., R. E. Erlandson, and L. J. Zanetti (1992a), A statistical study of PC871

1-2 magnetic pulsations in the equatorial magnetosphere. 1. Equatorial occurrence dis-872

tributions, J. Geophys. Res., 97 (A3), 3075–3088, doi:10.1029/91ja02706.873

Anderson, B. J., R. E. Erlandson, and L. J. Zanetti (1992b), A statistical study of pc 1-2874

magnetic pulsations in the equatorial magnetosphere .2. wave properties, J. Geophys.875

Res., 97 (A3), 3089–3101, doi:10.1029/91ja02697.876

Andre, M. (1985), Dispersion surfaces, Journal of Plasma Physics, 33 (FEB), 1–19.877

Arfken, G. (1970), Mathematical Methods for Physicists, 2nd ed., Academic Press, New878

York.879

Blum, L. W., E. A. MacDonald, S. P. Gary, M. F. Thomsen, and H. E. Spence (2009),880

Ion observations from geosynchronous orbit as a proxy for ion cyclotron wave growth881

during storm times, J. Geophys. Res., 114, doi:10.1029/2009ja014396.882

Bortnik, J., N. Omidi, L. Chen, R. M. Thorne, and R. B. Horne (2011), Saturation883

characteristics of electromagnetic ion cyclotron waves, J. Geophys. Res., 116, a09219,884

doi:10.1029/2011ja016638.885

Chappell, C. R., M. M. Huddleston, T. E. Moore, B. L. Giles, and D. C. Delcourt (2008),886

Observations of the warm plasma cloak and an explanation of its formation in the887

magnetosphere, J. Geophys. Res., 113 (A9), a09206, doi:10.1029/2007ja012945.888

D R A F T September 22, 2014, 6:09pm D R A F T



X - 44 DENTON ET AL.: DENSITY VARIATION, O+, AND EMIC WAVES

Chen, L., R. M. Thorne, and R. B. Horne (2009), Simulation of EMIC wave excitation889

in a model magnetosphere including structured high-density plumes, J. Geophys. Res.,890

114, a07221, doi:10.1029/2009ja014204.891

Chen, L., R. M. Thorne, V. K. Jordanova, C.-P. Wang, M. Gkioulidou, L. Lyons, and892

R. B. Horne (2010), Global simulation of EMIC wave excitation during the 21 April 2001893

storm from coupled RCM-RAM-HOTRAY modeling, J. Geophys. Res., 115, a07209,894

doi:10.1029/2009ja015075.895

Chen, L., R. M. Thorne, and J. Bortnik (2011), The controlling effect of ion temper-896

ature on emic wave excitation and scattering, Geophys. Res. Lett., 38, l16109, doi:897

10.1029/2011gl048653.898

Chen, L., V. K. Jordanova, M. Spasojevic, R. M. Thorne, and R. B. Horne (2014), Elec-899

tromagnetic ion cyclotron wave modeling during the Geospace Environment Modeling900

challenge event, J. Geophys. Res., 119.901

de Soria-Santacruz, M., M. Spasojevic, and L. Chen (2013), EMIC waves growth and902

guiding in the presence of cold plasma density irregularities, Geophys. Res. Lett., 40 (10),903

1940–1944, doi:10.1002/grl.50484.904

Denton, R. E., and Y. Hu (2010), Two-dimensional hybrid simulation of the growth, ef-905

fects, and distribution of magnetospheric electromagnetic ion cyclotron waves, Abstract906

SM21D-03, in 2010 Fall Meeting, AGU, San Francisco, Calif., 13-17 Dec.907

Denton, R. E., M. K. Hudson, and I. Roth (1992), Loss-cone-driven ion cyclotron waves908

in the magnetosphere, Journal of Geophysical Research, 97 (A8), 12,093–12,103.909

Denton, R. E., M. K. Hudson, S. A. Fuselier, and B. J. Anderson (1993), Electromagnetic910

ion cyclotron waves in the plasma depletion layer, Journal of Geophysical Research,911

D R A F T September 22, 2014, 6:09pm D R A F T



DENTON ET AL.: DENSITY VARIATION, O+, AND EMIC WAVES X - 45

98 (A8), 13,477–13,490.912

Denton, R. E., B. J. Anderson, S. P. Gary, and S. A. Fuselier (1994), Bounded anisotropy913

fluid model for ion temperatures, J. Geophys. Res., 99 (A6).914

Denton, R. E., M. F. Thomsen, K. Takahashi, R. R. Anderson, and H. J. Singer (2011),915

Solar cycle dependence of bulk ion composition at geosynchronous orbit, J. Geophys.916

Res., 116, a03212, doi:10.1029/2010ja016027.917

Denton, R. E., K. Takahashi, and M. F. Thomsen (2012), O+ concentration at geosyn-918

chronous orbit, Abstract SA31C-01, in 2012 Fall Meeting, AGU, San Francisco, Calif.,919

3-7 Dec.920

Denton, R. E., K. Takahashi, M. Thomsen, J. E. Borovsky, H. J. Singer, Y. Wang,921

J. Goldstein, P. C. Brandt, and B. W. Reinisch (2014), Evolution of O+ concentra-922

tion at geostationary orbit during storm and quiet events, J. Geophys. Res., 119 (8),923

6417, doi:10.1002/2014JA019888.924

Fraser, B. J., and T. S. Nguyen (2001), Is the plasmapause a preferred source region of925

electromagnetic ion cyclotron waves in the magnetosphere?, J. Atmos. Sol.-Terr. Phys.,926

63 (11).927

Fraser, B. J., H. J. Singer, M. L. Adrian, and D. L. Gallagher (2005), The relationship928

between plasma density structure and emic waves at geosynchronous orbit, in Inner929

Magnetosphere Interactions: New Perspectives from Imaging, Geophys. Monog. Ser.,930

vol. 159, edited by J. L. Burch, M. Schulz, and H. Spence, pp. 55 – 70, AGU, Washing-931

ton, D. C.932

Gamayunov, K. V., and G. V. Khazanov (2008), Crucial role of ring current H+ in933

electromagnetic ion cyclotron wave dispersion relation: Results from global simulations,934

D R A F T September 22, 2014, 6:09pm D R A F T



X - 46 DENTON ET AL.: DENSITY VARIATION, O+, AND EMIC WAVES

J. Geophys. Res., 113 (A11), doi:10.1029/2008JA013494.935

Gamayunov, K. V., G. V. Khazanov, M. W. Liemohn, M. C. Fok, and A. J. Ridley936

(2009), Self-consistent model of magnetospheric electric field, ring current, plasmas-937

phere, and electromagnetic ion cyclotron waves: Initial results, J. Geophys. Res., 114,938

doi:10.1029/2008JA013597.939

Gary, S. P., and M. A. Lee (1994), The ion-cyclotron anisotropy instability and the in-940

verse correlation between proton anisotropy and proton-beta, J. Geophys. Res., 99 (A6),941

11,297–11,301.942

Gary, S. P., M. B. Moldwin, M. F. Thomsen, D. Winske, and D. J. McComas (1994a),943

Hot proton anisotropies and cool proton temperatures in the outer magnetosphere, J.944

Geophys. Res., 99 (A12), 23,603–23,615.945

Gary, S. P., P. D. Convery, R. E. Denton, S. A. Fuselier, and B. J. Anderson (1994b),946

Proton and helium cyclotron anisotropy instability thresholds in the magnetosheath, J.947

Geophys. Res., 99 (A4).948

Gary, S. P., B. J. Anderson, R. E. Denton, S. A. Fuselier, and M. E. McKean (1994c), A949

limited closure relation for anisotropic plasmas from the earths magnetosheath, Phys.950

Plasmas, 1 (5).951

Gary, S. P., M. F. Thomsen, L. Yin, and D. Winske (1995), Electromagnetic proton952

cyclotron instability: Interactions with magnetospheric protons, J. Geophys. Res.,953

100 (A11), 21,961–21,972.954

Halford, A. J., B. J. Fraser, and S. K. Morley (2010), Emic wave activity during geo-955

magnetic storm and nonstorm periods: Crres results, J. Geophys. Res., 115, a12248,956

doi:10.1029/2010ja015716.957

D R A F T September 22, 2014, 6:09pm D R A F T



DENTON ET AL.: DENSITY VARIATION, O+, AND EMIC WAVES X - 47

Halford, A. J., B. J. Fraser, and S. K. Morley (2014), EMIC waves and plasmaspheric and958

plume density: CRRES results, J. Geophys. Res., 119.959

Horne, R. B., and R. M. Thorne (1997), Wave heating of He+ by electromagnetic ion960

cyclotron waves in the magnetosphere: Heating near the H+-He+ bi-ion resonance961

frequency, J. Geophys. Res., 102 (A6), 11,457–11,471, doi:10.1029/97ja00749.962

Hu, Y., and R. E. Denton (2009), Two-dimensional hybrid code simulation of electro-963

magnetic ion cyclotron waves in a dipole magnetic field, J. Geophys. Res., 114, doi:964

10.1029/2009ja014570.965

Hu, Y., R. E. Denton, and J. R. Johnson (2010), Two-dimensional hybrid code simulation966

of electromagnetic ion cyclotron waves of multi-ion plasmas in a dipole magnetic field,967

J. Geophys. Res., 115, a09218, doi:10.1029/2009ja015158.968

Jordanova, V. K., L. M. Kistler, J. U. Kozyra, G. V. Khazanov, and A. F. Nagy969

(1996), Collisional losses of ring current ions, J. Geophys. Res., 101 (A1), 111–126,970

doi:10.1029/95ja02000.971

Jordanova, V. K., C. J. Farrugia, R. M. Thorne, G. V. Khazanov, G. D. Reeves, and M. F.972

Thomsen (2001a), Modeling ring current proton precipitation by electromagnetic ion973

cyclotron waves during the May 14-16, 1997, storm, J. Geophys. Res., 106 (A1), 7–22,974

doi:10.1029/2000ja002008.975

Jordanova, V. K., C. J. Farrugia, J. F. Fennell, and J. D. Scudder (2001b), Ground dis-976

turbances of the ring, magnetopause, and tail currents on the day the solar wind almost977

disappeared, J. Geophys. Res., 106 (A11), 25,529–25,540, doi:10.1029/2000ja000251.978

Jordanova, V. K., Y. S. Miyoshi, S. Zaharia, M. F. Thomsen, G. D. Reeves, D. S. Evans,979

C. G. Mouikis, and J. F. Fennell (2006), Kinetic simulations of ring current evolu-980

D R A F T September 22, 2014, 6:09pm D R A F T



X - 48 DENTON ET AL.: DENSITY VARIATION, O+, AND EMIC WAVES

tion during the Geospace Environment Modeling challenge events, J. Geophys. Res.,981

111 (A11), a11s10, doi:10.1029/2006ja011644.982

Jordanova, V. K., J. Albert, and Y. Miyoshi (2008), Relativistic electron precipitation983

by EMIC waves from self-consistent global simulations, J. Geophys. Res., 113, a00a10,984

doi:10.1029/2008ja013239.985

Jordanova, V. K., D. T. Welling, S. G. Zaharia, L. Chen, and R. M. Thorne (2012),986

Modeling ring current ion and electron dynamics and plasma instabilities during a high-987

speed stream driven storm, J. Geophys. Res., 117, a00l08, doi:10.1029/2011ja017433.988

Kennel, C. F., and H. E. Petschek (1966), Limit on stably trapped particle fluxes, Journal989

of Geophysical Research, 71 (1), 1.990

Khazanov, G. V., K. V. Gamayunov, D. L. Gallagher, and J. U. Kozyra (2007), Reply to991

comment by R. M. Thorne and R. B. Horne Khazanov et al. 2002 and Khazanov et al.992

2006, J. Geophys. Res., 112 (A12), doi:10.1029/2007ja012463.993

Lee, J. H., and V. Angelopoulos (2014), On the presence and properties of cold ions994

near earth’s equatorial magnetosphere, J. Geophys. Res., 119 (3), 1749–1770, doi:995

10.1002/2013ja019305.996

Meredith, N. P., R. M. Thorne, R. B. Horne, D. Summers, B. J. Fraser, and R. R.997

Anderson (2003), Statistical analysis of relativistic electron energies for cyclotron res-998

onance with EMIC waves observed on CRRES, J. Geophys. Res., 108 (A6), 1250, doi:999

10.1029/2002ja009700.1000

Millan, R. M., and R. M. Thorne (2007), Review of radiation belt relativistic electron1001

losses, J. Atmos. Sol.-Terr. Phys., 69 (3), 362–377, doi:10.1016/j.jastp.2006.06.019.1002

D R A F T September 22, 2014, 6:09pm D R A F T



DENTON ET AL.: DENSITY VARIATION, O+, AND EMIC WAVES X - 49

Omidi, N., R. M. Thorne, and J. Bortnik (2010), Nonlinear evolution of EMIC waves1003

in a uniform magnetic field: 1. Hybrid simulations, J. Geophys. Res., 115, a12241,1004

doi:10.1029/2010ja015607.1005

Omidi, N., R. Thorne, and J. Bortnik (2011), Hybrid simulations of EMIC waves in a1006

dipolar magnetic field, J. Geophys. Res., 116, a09231, doi:10.1029/2011ja016511.1007

Omidi, N., J. Bortnik, R. Thorne, and L. Chen (2013), Impact of cold O+ ions on1008

the generation and evolution of EMIC waves, J. Geophys. Res., 118 (1), 434–445, doi:1009

10.1029/2012ja018319.1010

Rasmussen, C. E., S. M. Guiter, and S. G. Thomas (1993), A 2-dimensional model1011

of the plasmasphere: Refilling time constants, Planet Space Sci., 41 (1), 35–43, doi:1012

10.1016/0032-0633(93)90015-t.1013

Ronnmark, K. (1982), Waves in homogeneous, anisotropic, multicomponent plasmas,1014

Tech. Rep. Kiruna Geophys. Inst. Rep. 179, 56 pp., Swedish Institute of Space Physics,1015

Univ. of Umea, Sweden.1016

Selesnick, R. S. (2006), Source and loss rates of radiation belt relativistic electrons during1017

magnetic storms, J. Geophys. Res., 111 (A4), a04210, doi:10.1029/2005ja011473.1018

Shoji, M., and Y. Omura (2011), Simulation of electromagnetic ion cyclotron triggered1019

emissions in the earth’s inner magnetosphere, J. Geophys. Res., 116, a05212, doi:1020

10.1029/2010ja016351.1021

Shoji, M., Y. Omura, B. Grison, J. Pickett, I. Dandouras, and M. Engebretson (2011),1022

Electromagnetic ion cyclotron waves in the helium branch induced by multiple elec-1023

tromagnetic ion cyclotron triggered emissions, Geophys. Res. Lett., 38, l17102, doi:1024

10.1029/2011gl048427.1025

D R A F T September 22, 2014, 6:09pm D R A F T



X - 50 DENTON ET AL.: DENSITY VARIATION, O+, AND EMIC WAVES

Shprits, Y. Y., D. A. Subbotin, N. P. Meredith, and S. R. Elkington (2008), Review1026

of modeling of losses and sources of relativistic electrons in the outer radiation belt.1027

ii: Local acceleration and loss, J. Atmos. Sol.-Terr. Phys., 70 (14), 1694–1713, doi:1028

10.1016/j.jastp.2008.06.014.1029

Spasojevic, M., H. U. Frey, M. F. Thomsen, S. A. Fuselier, S. P. Gary, B. R. Sandel, and1030

U. S. Inan (2004), The link between a detached subauroral proton arc and a plasmas-1031

pheric plume, Geophys. Res. Lett., 31 (4), doi:10.1029/2003gl018389.1032

Swanson, D. G. (2003), Plasma Waves, 2nd ed., Institute of Physics Publishing, Bristol1033

and Philadelphia.1034

Takahashi, K., R. E. Denton, R. R. Anderson, and W. J. Hughes (2006), Mass density in-1035

ferred from toroidal wave frequencies and its comparison to electron density, J. Geophys.1036

Res., 111 (A1), A01201, doi:10.1029/2005JA011286.1037

Takahashi, K., S. Ohtani, R. E. Denton, W. J. Hughes, and R. R. Anderson (2008),1038

Ion composition in the plasma trough and plasma plume derived from a Combined Re-1039

lease and Radiation Effects Satellite magnetoseismic study, J. Geophys. Res., 113 (A12),1040

A12203, doi:10.1029/2008JA013248.1041

Thorne, R. M., and R. B. Horne (1992), The contribution of ion-cyclotron waves to1042

electron heating and SAR-arc excitation near the storm-time plasmapause, Geophys.1043

Res. Lett., 19 (4), 417–420, doi:10.1029/92gl00089.1044

Thorne, R. M., and R. B. Horne (1997), Modulation of electromagnetic ion cyclotron1045

instability due to interaction with ring current O+ during magnetic storms, J. Geophys.1046

Res., 102 (A7), 14,155–14,163, doi:10.1029/96ja04019.1047

D R A F T September 22, 2014, 6:09pm D R A F T



DENTON ET AL.: DENSITY VARIATION, O+, AND EMIC WAVES X - 51

Thorne, R. M., and R. B. Horne (2007), Khazanov et al. 2002 and Khazanov et al. 2006,1048

J. Geophys. Res., 112 (A12), a12214, doi:10.1029/2007ja012268.1049

Tsyganenko, N. A., and M. I. Sitnov (2005), Modeling the dynamics of the inner1050

magnetosphere during strong geomagnetic storms, J. Geophys. Res., 110 (A3), doi:1051

10.1029/2004ja010798.1052

Uberoi, C. (1973), Crossover frequencies in multicomponent plasma, Phys. Fluids, 16 (5),1053

704–705, doi:10.1063/1.1694411.1054

Usanova, M. E., F. Darrouzet, I. R. Mann, and J. Bortnik (2013), Statistical analysis1055

of EMIC waves in plasmaspheric plumes from Cluster observations, J. Geophys. Res.,1056

118 (8), 4946–4951, doi:10.1002/jgra.50464.1057

Weimer, D. R. (2001), An improved model of ionospheric electric potentials including sub-1058

storm perturbations and application to the geospace environment modeling november1059

24, 1996, event, J. Geophys. Res., 106 (A1), 407–416, doi:10.1029/2000ja000604.1060

Yahnin, A. G., and T. A. Yahnina (2007), Energetic proton precipitation re-1061

lated to ion-cyclotron waves, J. Atmos. Sol.-Terr. Phys., 69 (14), 1690–1706, doi:1062

10.1016/j.jastp.2007.02.010.1063

Yahnina, T. A., et al. (2003), Energetic particle counterparts for geomagnetic pulsations1064

of Pc1 and IPDP types, Ann. Geophys., 21 (12), 2281–2292.1065

Young, D. T., H. Balsiger, and J. Geiss (1982), Correlations of magnetospheric ion com-1066

position with geomagnetic and solar-activity, J. Geophys. Res., 87 (NA11), 9077–9096.1067

Zaharia, S., V. K. Jordanova, D. Welling, and G. Toth (2010), Self-consistent inner mag-1068

netosphere simulation driven by a global MHD model, J. Geophys. Res., 115, doi:1069

10.1029/2010ja015915.1070

D R A F T September 22, 2014, 6:09pm D R A F T



X - 52 DENTON ET AL.: DENSITY VARIATION, O+, AND EMIC WAVES

−5 0 5

−5

0

5

X
SM

Y
S

M

(a) β
//h

 

 

0.2

0.4

0.6

0.8

−5 0 5

−5

0

5

X
SM

Y
S

M

(b) A
h

 

 

0.5

1

1.5

2

2.5

−5 0 5

−5

0

5

X
SM

Y
S

M

(c) log
10

(n
c
 in cm

−3
)

 

 

0

1

2

3

−5 0 5

−5

0

5

X
SM

Y
S

M

(d) Σ
h
/S

h

 

 

2

4

6

Figure 1. (a) Ring current H+ β∥h, (b) ring current H+ anisotropy Ah, (c) base

10 logarithm of the cold density nc in cm−3, and (d) the ratio of the EMIC instability

parameter Σh to the threshold value Sh. The white solid line in (a) is along MLT = 18,

while the white solid curve in (d) is Σh/Sh = 1. The dotted white circles are at L = 3, 4,

5, and 6.
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Figure 2. (a) Ring current β∥s, (b) ring current anisotropy As, (c) density in cm−3, and

(d) the ratio of the EMIC instability parameter Σh to the threshold value Sh, for species

s. The solid curves show ring current quantities for H+ in black, He+ in blue, and O+

in red. The dotted curves show the cold density using the same colors for the constant

composition model described in the text. The two vertical gray lines in panel (c) roughly

delineate the plasmapause.
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the text.

D R A F T September 22, 2014, 6:09pm D R A F T



DENTON ET AL.: DENSITY VARIATION, O+, AND EMIC WAVES X - 55

ε−0.5 0 0.5

q

 1 

 0 

 0.5 

(Aa)

0.00084

He

(Ab)

0.000326

H

(Ac)

0.00084

He

(Ad)

0.000326

H All

 

 

t = 10s

 to 35s

(Ae)

0.00125

0

2

x 10
−3

q
 1 

 0 

 0.5 

(Ba)

0.0035

(Bb)

0.0126

(Bc)

0.0035

(Bd)

0.0126

 

 

t = 35s

 to 60s

(Be)

0.0133

0

2

x 10
−3

q
 1 

 0 

 0.5 

(Ca)

0.00603

(Cb)

0.00213

(Cc)

0.00603

(Cd)

0.00213

 

 

t = 60s

 to 85s

(Ce)

0.00644

0

2

x 10
−3

q
 1 

 0 

 0.5 

(Da)

0.00184

(Db)

0.000308

(Dc)

0.00184

(Dd)

0.000308

 

 

t = 85s

 to 110s

(De)

0.00218

0

2

x 10
−3

q
 1 

 0 

 0.5 

(Ea)

0.00231

(Eb)

0.00055

(Ec)

0.00231

(Ed)

0.00055

 

 

t = 110s

 to 135s

(Ee)

0.00284

0

2

x 10
−3

q
 1 

 0 

 0.5 

(Fa)

0.00566

(Fb)

0.00102

(Fc)

0.00566

(Fd)

0.00102

 

 

t = 135s

 to 160s

(Fe)

0.00655

0

2

x 10
−3

L

q
 1 

 0 

 0.5 

(Ga)

0.00201

5 6

L

(Gb)

0.000416

5 6

L

(Gc)

0.00201

5 6

L

(Gd)

0.000416

5 6

L

 

 

t = 160s

 to 185s

(Ge)

0.00246

5 6

0

2

x 10
−3

Figure 4. For the time spans indicated at the right side of the figure (rows “A”, “B”, etc), wave power
normalized to the local magnetic field versus L shell on the horizontal axis and the parallel coordinate q on the
vertical axis. The right three columns (“c”, “d”, and “e”) show wave power using the same constant color scale
(at right of column “e”) for the He+ band, the H+ band, and all frequencies, respectively. Columns “a” and “b”
also show the wave power in the He+ and H+ bands, respectively, but in these panels saturated color corresponds
to maximum wave power in that panel and the hue of the color corresponds to the ellipticity using the scale at the
top left of the figure. The maximum wave power in each panel is listed under the panel label. The roughly vertical
curves in each panel are flux surfaces delineating the plasmapause as in Figure 2 and the roughly horizontal curves
show MLAT values of 10◦, 20◦, 30◦, and 40◦.
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Figure 5. Average wave power normalized to the local magnetic field per unit ω/Ωcp0

versus ω/Ωcp0 for the time intervals indicated at the right side of each row (labeled “A”,

“B”, etc). The blue curves are left hand polarized wave power, while the red curves are

right hand polarized wave power. The left and right vertical gray lines in each panel are

respectively at the O+ and He+ gyrofrequencies. The panels in the first column (labeled

with “a”) show the wave power in the plasmasphere; the panels in the second column

(labeled with “b”) show the wave power in the plasmapause; and the panels in the third

column (labeled with “c”) show the wave power in the plasmatrough. The fourth column

(labeled with “d”) shows the wave power averaged over the entire simulation domain.
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Figure 6. Same as Figure 4, but for the variable cold composition model with low He+

concentration and low O+ concentration in the plasmasphere, but high O+ concentration

in the plasmatrough.
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Figure 7. Same as Figure 5, but for the variable cold composition model with low He+

concentration and low O+ concentration in the plasmasphere, but high O+ concentration

in the plasmatrough.
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Figure 8. Out of plane (“s”) component of the wave magnetic field, Bs, in the meridional plane of the
simulation normalized to the equatorial magnetic field at the central L shell, B0; Z is the coordinate along the
dipole axis while X is the radius in cylindrical coordinates. Each panel shows Bs/B0 at the central time of one of
the first five time intervals plotted in Figure 4. The green curves that intersect Z = 0 are magnetic flux surfaces
at the plasmapause boundaries shown in Figure 2. The green curves roughly normal to these are at MLAT = 10◦,
20◦, 30◦, etc, with the 10◦ curve closest to Z = 0.
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Figure 9. The left-hand side of equation (6) versus ω ≡ ω/Ωcp for ηH = 0.77, ηHe = 0.20,

and ηO = 0.03.
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Figure 10. For (a) the constant cold composition model, and (b) the variable cold

composition model, normalized frequency ω/Ωcp plotted using a log scale versus L shell.

The solid blue curves are the unstable frequency based on (6); the blue asterisks show

the frequency of maximum growth rate predicted by WHAMP; the blue circles show the

frequency of waves observed in our simulations; the red solid curve shows the maximum

possible frequency based on (7); the dashed red curves show the cutoff frequency corre-

sponding to k∥ = 0 for left hand polarized waves; the upward pointing red triangles show

the cutoff frequency determined from WHAMP; the dotted green curves show the cold

plasma crossover frequency; and the green squares show the crossover frequency found

from WHAMP. The dotted vertical gray lines delineate the plasmapause while the dotted

horizontal gray line corresponds to ω = ΩcHe and the bottom of each panel is at ω = ΩcO.

D R A F T September 22, 2014, 6:09pm D R A F T



X - 62 DENTON ET AL.: DENSITY VARIATION, O+, AND EMIC WAVES

log
10

(k
⊥
 ρ

//
)

lo
g

1
0
(k

//
 ρ

//
)

 

 

0.45

0.45

0
.5

0
.5

0.50.5

0
.5

5

0
.5

5

0.550.55

0
.6

0.60.6 0.6 0.6

0
.6

5

0.65
0.65 0.65 0.65
0.7 0.7

0.7

0.7

0.75 0.75 0.75

0.8 0.8 0.8

−2 −1.5 −1 −0.5
−2

−1.5

−1

−0.5

0

γ 
/ 

Ω
c
p

−0.07

−0.06

−0.05

−0.04

−0.03

−0.02

−0.01

0

0.01

Figure 11. Based on calculations by WHAMP for the H+ mode at the outer edge of

the plasmapause in the constant cold composition model, black contour lines for ω/Ωcp

and color for normalized growth rate γ/Ωcp versus log10(k⊥ρ⊥) and log10(k∥ρ∥), where ρ∥

is the gyroradius defined using the parallel thermal velocity.
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Figure 12. (a) Spectrum of normalized wave power per unit ω/Ωcp observed by GOES

10 on June 9, 2001, at 2140–2150 UT at MLT = 13, and (b) spectrum from our simulation

at 1900 UT at MLT = 18 with the variable composition model at L = 5.3 and MLAT

∼ 8◦. The blue curve shows the left hand polarized wave power, while the red curve shows

the right hand polarized wave power. The vertical gray lines are at the O+ gyrofrequency

(ω/Ωcp = 1/16) and the He+ gyrofrequency (ω/Ωcp = 1/4).
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